Recent observations of near-infrared and X-ray flares from Sagittarius A * , which is believed to be a supermassive black hole at the Galactic center, show that the source exhibits about 20-minute periodic variability. Here we provide arguments based on a quantitative analysis that supermassive objects at galactic centers are bubbles of dark matter axions, rather then black holes. An oscillating axion bubble can explain periodic variability of Sagittarius A * and with no free parameters yields the axion mass about 1 meV in agreement with our previous findings obtained from quasar observations. The bubble scenario naturally explains lack of supermassive "black holes" with M < 10 6 M⊙. Low-mass bubbles decay fast and as a result are very rare. We also found that the mass of an axion bubble can not exceed 2.5 × 10 9 M⊙, in agreement with the largest supermassive "black hole" masses measured for active galactic nuclei. Our finding, if confirmed, suggests that Einstein general relativity is invalid for strong gravity and the gravitational force effectively becomes repulsive at large potential. Imaging a shadow of the "black hole" at the Galactic center with VLBI within the next few years will be capable to distinguish between the black hole and the oscillating axion bubble scenarios. In the case of axion bubble, a steady shadow will not be observed. Instead, the shadow will appear and disappear periodically with a period of about 20 min.
I. INTRODUCTION
Originally introduced to explain why the strong interaction, in contrast to weak interactions, does not violate CP symmetry [1] , hypothetical axions have since become one of the leading particle candidates for the cold dark matter in the Universe [2] . The axion appears as a pseudo Nambu-Goldstone boson of a spontaneously broken Peccei-Quinn symmetry [1] , whose scale f determines the axion mass m, m ≈ m π f π 2f = 0.62 eV · 10 7 GeV f
and suppresses the coupling to Standard Model particles, ∝ 1/f . Here m π = 135 MeV is the neutral pion mass and f π = 93 MeV its decay constant [2, 3] . Astrophysical and cosmological arguments constrain the axion mass m to be in the range of 10 −6 − 3 × 10 −3 eV [2] . Axions in this mass range could provide much or all of the cold dark matter in the Universe. Interaction of axions with QCD instantons generates the axion mass and periodic interaction potential [4] 
where ϕ is a real scalar axion field. Recently, the author found evidence that intrinsically faint quasars (a few % of known objects) are bubbles of axion dark matter with masses 10 8 − 10 9 M ⊙ and radii 10 3 − 10 4 R ⊙ [5, 6] . Their redshift is gravitational. Observations suggest that these objects are born in active galaxies, ejected into surrounding space and probably later evolve into small companion galaxies [7] . Properties of the intrinsically faint quasar subgroup yield the axion mass m = 0.4 − 3 meV [5, 6] , which fits in the open mass window.
Here we argue that oscillating axion bubbles, rather then supermassive black holes, could be present at galactic centers. Recent observations of near-infrared and Xray flares from Sagittarius A * , which is believed to be a 2.6 × 10 6 M ⊙ black hole at the Galactic center, show that the source exhibits about 20-minute periodic variability [8, 9, 10 ]. An oscillating axion bubble can explain periodic variability of Sagittarius A* and with no free parameters yields the axion mass about 1 meV in agreement with previous findings. Moreover, the bubble scenario explains lack of supermassive "black holes" with M < 10 6 M ⊙ . We find that the bubble lifetime t ∝ M 9/2 , it becomes less then the age of the Universe for M 5 × 10 6 M ⊙ . The bubble at our Galactic center would decay within about 5 × 10 8 yrs. If, however, M < 10 6 M ⊙ the decay time becomes very short, t 10 7 yrs, and as a result such objects are very rare.
In recent years, the evidence for the existence of an ultra-compact concentration of dark mass associated with the radio source Sagittarius A* in the Galactic Center has become very strong. However, an unambiguous proof that this object is a black hole is still lacking. A defining characteristic of a black hole is the event horizon. To a distant observer, the event horizon casts a relatively large "shadow" with an apparent diameter of about 10 gravitational radii due to bending of light. The predicted size (∼30 micro-arcseconds) of this shadow for Sagittarius A* approaches the resolution of current radiointerferometers. Hence, there exists a realistic expectation of imaging the shadow of a black hole with very long-baseline interferometry within the next few years [11, 12, 13] . Such imaging will allow us to distinguish between the black hole and the oscillating axion bubble scenario which we propose in this paper. If the axion bubble, rather then a black hole, is present at the Galactic center, the steady shadow will not be observed. Instead, the shadow will appear and disappear periodically with a period of about 20 min.
II. AXION BUBBLES
We introduce dimensionless coordinates and define the unit of distance, time and ϕ as
where c is the speed of light and G is the gravitational constant. For the moment we omit gravity. Further we use natural units for which = c = 1. Energy of the axion field in units of m 2 pl /m is given by
where
is the dimensionless potential and the coupling parameter respectively, m pl = c/G = 1.2 × 10 19 GeV is the Planck mass.
The interaction potential V has degenerate minima V = 0 at ϕ = 2πn/α, where n is an integer number. As a consequence, equation for the axion field ϕ has bubblelike solutions. The bubble surface is an interface between two degenerate vacuum states with ϕ = 2πn/α (r < R) and ϕ = 0 (r > R). In this paper we consider spherical bubbles with surface width much smaller then its radius R and n = 1. Energy density of the axion field is nonzero only at the bubble surface. Energy of a static thin-wall bubble is E = 4πσR 2 , where σ is the surface energy per unit area (surface tension) determined by an integral over one potential period [5, 6] 
Surface tension σ depends only on the axion interaction strength.
Under the influence of surface tension an initially static bubble collapses to its center which yields reduction of the surface energy. However if we include gravity this gives an additional energy contribution. Such a contribution could substantially alter the bubble evolution and, in particular, prevent collapse as we discuss in the next section.
III. ALTERNATIVE THEORIES OF GRAVITY VS EINSTEIN GENERAL RELATIVITY
So far Einstein general relativity has successfully passed all available tests. However such tests have inspected the theory only at weak gravitational field [14] . One should note that observations of binary pulsars yet have not provided a direct test of general relativity at strong gravity (due to strong-field nature of neutron stars involved in gravitation wave radiation). Rather, such observations tested general relativity in the post-Newtonian approximation and the strong equivalence principle [14] .
Is Einstein general relativity valid for strong gravity? The answer to this question remains unknown and only appropriate observational tests can shed light on it. In the literature alternative theories of gravity are discussed. They are equivalent to Einstein theory at weak field limit (and hence also pass available tests), however dramatically different in the opposite limit of strong gravity. Some of them predict no black holes, but rather stable compact objects with no event horizon and very large, but finite, gravitational redshift ("dark red holes"). This suggests that the force of gravity effectively becomes repulsive at large gravitational potential.
Can knowledge of properties of the compact objects at galactic centers give us a hint that gravity becomes repulsive at large potential? Here we argue that the answer is "yes". Our conclusion is based on a quantitative analysis which is independent of the particular choice of the theory of gravity. This is possible because the main part of the bubble dynamic we use for the quantitative comparison occurs in the well-tested limit of Newtonian gravity. Only a small part of the trajectory near the lower radius turning point (where gravity becomes repulsive) is beyond Newtonian description. As a result, e.g., the period of bubble oscillation can be accurately obtained using Newtonian gravity, independent of which theory of gravity yields the repulsive force at small radius.
A. Bubbles in Yilmaz exponential metric
Some alternative theories of gravity [15] for a static mass distribution yield an exponential isotropic line element of the class proposed by Yilmaz [16, 17, 18] 
where for a spherically symmetric thin-wall bubble of radius R
and M is the bubble mass. Yilmaz metric does not have the singularity of the Schwarzschild solution at finite radius, and therefore replaces the concept of black holes with that of "dark red holes". In the reference frame of a distant observer the energy of a static bubble is given by [19]
where σ is the intrinsic surface energy density (as it would appear to an observer located at the bubble surface) given by Eq. (6), M is the dimensionless bubble mass in units of m 2 pl /m and R is the dimensionless bubble radius in units of r 0 . If the radius of a spherical bubble changes with time then the total energy is
where E k ≥ 0 is the kinetic energy. The total energy E is a constant of motion, then based on the equivalence principle we obtain M = E =const. Evolution of the bubble radius is similar to a one dimensional motion of a particle in the effective potential U (R). We plot U (R) in Fig. 1 . The effective potential has a shape of a well and depends on the total energy (mass). At R ≫ M one can omit gravity and U (R) ≃ 4πσR 2 is just a surface energy which tends to contract the bubble. At R ≪ M gravity produces large repulsive effective potential which forces the bubble to expand. As a result the bubble radius R(t) oscillates between two turning points determined by U (R) = M . To describe R(t) quantitatively we need to use dynamical equations. These equations depend on a particular choice of the theory of gravity [20] . In this paper we prefer not to discuss alternative theories of gravity and assume only that in the static limit the gravity is described by the Yilmaz exponential metric. This way of thoughts makes our results quite general [21] . Fortunately if the Galactic center object is an axion bubble the main part of its periodic oscillation occurs in the limit R(t) ≫ M . In this region we can omit gravity and use the well-tested special theory of relativity that yields the following massradius equation for a relativistic bubble
which has a simple solution
where R 0 = M/4πσ is the maximum bubble radius and cn(x, k) is Jacobian elliptic cosine. For small R(t) the solution (12) is not applicable. In this region the bubble shrinking slows down and after reaching the inner turning point R 1 the bubble starts to expand. Assuming that Eq. (12) is accurate for the main part of the motion we obtain that the period of bubble oscillation is T ≃ 2.622R 0 . Taking into account that M = 4πσR (13) with no free parameters yields the axion mass m ≃ 0.8 meV. This value agrees with our previous finding based on quasar observations [5, 6] . One should mention, however, that due to time dilation the period of flare variability depends on the distance between the flare source and the bubble center and, thus, could differ from Eq.
(13) by a factor of the order of one. This yields an inaccuracy in the axion mass determination in the same factor.
Next we discuss the bubble life time. The bubble decay occurs by means of scalar particle emission. Due to spherical symmetry there is no radiation of gravitation waves. Bubble surface, the interface between different vacuum states, is a soliton (or a kink) that is studied in many areas of nonlinear physics. One dimension solitons, contrary to 2D or 3D, are stable and preserve their shape under reflection from a boundary. Because a thin-wall bubble surface can be treated as a 1D soliton this insures its very long life time. However, due to finite bubble radius the 1D treatment is only approximate. Deviation of the problem from 1D leads to slow decay of the soliton by emission of particles.
We estimate the decay rate as the time of energy loss by the bubble with the radius R(t) oscillating between the outer R 0 and inner R 1 turning points. Energy loss by the bubble surface becomes substantial only when R(t) R 2/3 0 (see Appendix A below). In our case
and, therefore, the region of intensive energy dissipation is not accessible. As a result, the energy emission is negligible yielding long-lived bubbles. In Appendix A we estimate the bubble life-time. The answer is given by Eq. (A11) which in dimension units reads
If m = 1 meV then the bubble surface has width r 0 = /mc = 0.2 mm and the coupling parameter α = 5.4 × 10 8 . For a bubble with mass M = 2.6 × 10 6 M ⊙ the maximum radius is R 0 = 246R ⊙ , while the gravitational radius R g = 11.6R ⊙ . One can find the inner turning point R 1 from the equation R (14) we then obtain the bubble life time t ∼ 5 × 10 8 yrs. This can explain the lack of supermassive "black holes" with M < 10 6 M ⊙ . Axion bubbles with such masses decay fast with life time t ∝ M 9/2 . In dimension units the maximum possible mass of an axion bubble is
For m = 1 meV Eq. (15) yields M max = 2.5 × 10 9 M ⊙ . This value agrees with largest supermassive "black hole" masses measured for active galactic nuclei [22] . Radius of the static bubble with M max is R = 2789R ⊙ .
B. Bubble in Einstein general relativity
In Einstein general relativity for a spherically symmetric bubble the metric can be written in the form
where g, the radial metric, and N , the lapse, are functions of t and r with r being the circumferential radius. For a static thin-wall bubble of radius R Einstein equations yield
Note that g(r) undergoes a jump at the bubble surface, while in Yilmaz theory the metric is continuos. Energy of the thin-wall bubble with radius R(t) is given by [23, 24] E = 4πσR
where τ is the interior coordinate time (dτ = N dt). The corresponding effective potential
is pictured in Fig. 3 . In Einstein theory "small" bubbles shrink towards the gravitation radius R g = 2M and at t ≫ R g /c behave as black holes, while large bubbles expand infinitely. This is dramatically different from bubble evolution in, e.g., Yilmaz exponential metric which we discussed in the previous section. At the same time, the Yilmaz and the isotropic form of the Schwarzschild metric are the same to second order in the gravitational potential φ in the temporal part and to first order in the spatial part. This is sufficient to insure that they give identical results in the four classic weak-field tests of general relativity.
IV. DISCUSSION
If axion bubbles, rather then supermassive black holes, are located at galactic centers then what is the mechanism of their nucleation? Dark matter axions, if they exist, form halos around galaxies. The halo of axions is in a quantum degenerate non-equilibrium regime. Evolution of the axion halo is governed by the self-gravity and axion interaction V (ϕ). The interaction V (ϕ) becomes important only for dense axion clumps. Dynamics of a dilute galactic halo is determined by self-gravity. Seidel and Suen have studied evolution of a massive, selfgravitating real scalar field in Newtonian limit (omitting self-interaction V (ϕ)) [26] . They have shown that independent of the initial conditions a scalar field configuration collapses to form a compact object by ejecting part of the scalar field, carrying out the excess kinetic energy. The cooling occurs due to nonlinear effects of the self-gravitation of the field. Characteristic cooling time is a free falling time to the center due to self gravity t ≃ 2R initial radius and mass of the axion halo in a galaxy. For R halo = 60 kpc and M halo = 10 12 M ⊙ we obtain the characteristic cooling time t ∼ 10 8 yrs. Thus, within about 10 8 yrs the gravitational cooling mechanism yields formation of compact axion clumps in a galactic halo. Evolution of such clumps is then governed by self-interaction V (ϕ) which leads to bubble formation. This is shown by three-dimensional numerical simulation of the evolution of inhomogeneities in the axion field due to the self-interaction V (ϕ) [25] . Such a simulation (which omits gravity) has indeed demonstrated formation of bubble-like structures (see Fig. 5a in Ref. [25] ). The mass of the nucleated bubbles is much smaller then the mass of the halo they are born in.
In Einstein general relativity axion bubbles under the influence of surface tension collapse fast into black holes. However, the Einstein theory yet to be tested in the limit of strong gravitational field. There is a possibility that at strong filed the gravity is not described by Einstein general relativity, and rather by an alternative theory which also passes all known tests. Such theories are discussed in the literature. In this paper we consider axion bubbles in a very general approach avoiding a particular choice of the alternative theory of gravity. Our results are valid for any theory which in the static limit yields Yilmaz exponential metric.
We found that in Yilmaz metric axion bubbles with M > 10 6 M ⊙ are very long lived. Instead of collapsing into a black hole the bubble radius oscillates between two turning points determined by the net mass. Such oscillating bubbles, rather then supermassive black holes, could be present at galactic centers. Our result can account for periodic variability observed in near-infrared and X-ray flares from Sagittarius A* [8, 9, 10] and with no free parameters yields the axion mass about 1 meV. This value of the axion mass is in agreement with our previous findings based on quasar observations [5, 6] and fits into the open axion mass window constrained by astrophysical and cosmological arguments [2] . Moreover, the bubble scenario explains lack of supermassive "black holes" with M < 10 6 M ⊙ . We find that if M < 10 6 M ⊙ the bubble life time becomes very short, t 10 7 yrs, and as a result such objects are very rare. We also found that for Yilmaz exponential metric the bubble mass can not exceed M max = 2.5 × 10 9 M ⊙ . This value agrees with largest supermassive "black hole" masses measured for active galactic nuclei [22] .
The process of axion bubble nucleation could produce substantial disturbances in galaxies. Such catastrophic events can contribute to the observed gamma-ray bursts. During nucleation some bubbles can get a kick and be ejected from active galaxies into surrounding space. As we mentioned in [6] , such isolated bubbles are probably detected as intrinsically faint quasars and later evolve into small companion galaxies.
Observation of the Galactic center with very longbaseline interferometry within the next few years will be capable to test theories of gravitation in the strong field limit. Such an observation will allow us to distinguish between the black hole (predicted by Einstein general relativity) and the oscillating axion bubble scenario which we propose in this paper. If future observations indeed discover periodic appearance of the shadow from the Galactic center object this will also be a strong evidence for the axion nature of dark matter and will lead to an accurate measurement of the axion mass.
APPENDIX A: ENERGY EMISSION FROM A SHRINKING BUBBLE
Here we calculate energy loss by a shrinking spherically symmetric bubble caused by emission of scalar particles. For an order of magnitude estimate one can omit the effect of gravity. Then the evolution of the scalar field ϕ(t, r) is described by sine-Gordon equationφ
where r is the radial coordinate. Without right-hand side, Eq. (A1) has an exact, so-called kink, solution
where R 0 ≫ 1 is the initial bubble radius. The solution describes a kink (space region where ϕ changes from 2π/α to 0) propagating with constant velocity v; the kink's size is l ∼ √ 1 − v 2 . If l ≪ R(t), where R(t) is the bubble radius, r.h.s. of (A1) may be treated as a small perturbation. Eq. (A1) possesses approximate solution in the form of the kink (A2) with parameters slowly changing in time under the action of the perturbation. In particular, the kink shrinks due to its surface tension so that the bubble radius and the velocity evolve as [27] 
where cn stands for the elliptic cosine with the modulus 1/ √ 2. Such a process is accompanied by emission of scalar particles which yields the energy loss. We estimate the energy loss following the original work of Malomed [27, 28] . In terms of the inverse scattering technique, the spectral density of the emitted energy E e (t, q) is
where q is the radiation wavenumber and the perturbation-induced evolution equation for the complex amplitude B(t, q) is given by [27, 28] 
Therefore
Integration of (A8) over dq gives the emitted energy as a function of time E e (t) = 0 . This value agrees with those obtained in [29] . If the bubble shrinks from the outer turning point R 0 to the inner turning point R 1 ≫ R * the radiated energy is E e ∼ 7.10
